The genome of Arabidopsis thaliana is exceedingly small, in part because it lacks the large middle repetitive DNA component characteristic of other plants. In this paper we have characterized a member of the low copy DNA (30-32 kD) . Following posttranslational transport into the chloroplast these polypeptides are cleaved to their mature form; bind noncovalently chlorophyll a, chlorophyll b and carotenoid molecules; and become embedded within the thylakoid membrane where they function to harvest light energy for photosynthesis. Neither the sequence of the above events following entry into the chloroplast nor the number and arrangement of the polypeptides within the complex is known. However, when the green LHC II complex is isolated on nondenaturing gels and then subjected to electrophoresis on denaturing gels, 2-5 polypeptide bands can be resolved within the region of 24-28 kD. The genes which code for the major polypeptide of this
INTRODUCTION
The major protein component of chloroplast thylakoid membranes is the light-harvesting chlorophyll £/b-protein complex (LHC II) (1) which is mainly associated with photosystem II. The chlorophyll binding proteins (LHCP's) of this complex are the products of nuclear genes and are synthesized in the cytoplasm as precursor polypeptides (30-32 kD). Following posttranslational transport into the chloroplast these polypeptides are cleaved to their mature form; bind noncovalently chlorophyll a, chlorophyll b and carotenoid molecules; and become embedded within the thylakoid membrane where they function to harvest light energy for photosynthesis. Neither the sequence of the above events following entry into the chloroplast nor the number and arrangement of the polypeptides within the complex is known. However, when the green LHC II complex is isolated on nondenaturing gels and then subjected to electrophoresis on denaturing gels, 2-5 polypeptide bands can be resolved within the region of 24-28 kD. The genes which code for the major polypeptide of this complex are present in all plant species examined as a multigene family. For instance, petunia contains at least 16 (2), pea at least 8 (3), Lemna qibba 10-12 (4) and wheat at least 7 (5) coding sequences for the LHCP. Because multiple polypeptide bands can be resolved from the complex and because the multiple gene members can be organized into separate subfamilies coding for electrophoretically distinct precursor polypeptides (2,6), it is possible that these separate gene families might produce functionally distinct polypeptides (cf. 7). It is also possible that post-translational events have a role in producing the electrophoretically variant forms found in the thylakoids (cf. 8).
The crucifer Arabidopsis thaliana is an unusual higher plant in that it contains an extremely small genome (9-12). The small size is due mainly to the absence of the large middle repetitive DNA component (10) and the reduced size of the single copy component (11) relative to other higher plant genomes. In this paper we characterize the gene family for the light-harvesting chlorophyll a/b-binding protein (LHCP). In contrast to the situation in other plants, Arabidopsis apparently contains far fewer coding sequences for the LHCP. We have isolated and sequenced three LHCP genes and find that the amino acid sequence deduced from the DNA sequence is identical for all three mature polypeptides. This finding raises the possibility that if the variant polypeptides encoded by the different subfamilies of other plants have distinct functions, they may not be essential.
MATERIALS AND METHODS Plants and DNA isolation
Arabidopsis thaliana strain Columbia was grown and the DNA isolated as previously reported (10). Construction and screening of a qenomic library An Arabidopsis genomic library was constructed in the lambda phage vector Sep 6 (13) according to the procedure described in (14) . The in vitro constructed phage library, which contained 120,000 recombinant phage or 20 genome equivalents, was amplified according to (15) . Recombinant phage were propagated on E. coli K802 and purified by standard methods (15, 16) . Five genomic equivalents of the amplified phage library were screened by the method of (17) with a genomic subclone of Lemna gibba, pAB19/H5c, which contains a LHCP coding sequence (10). Phage DNA was extracted by the rapid formamide method "A" of (18).
Restriction, gel electrophoresis and filter binding of DNA DNA was digested with various restriction endonucleases and subjected to electrophoresis in IX TBE (0.09M Trizma-base, 3mM Na EDTA, and 0.09M boric acid) on 0.5-2% horizontal agarose gels for restriction endonuclease mapping and on 0.6% agarose gels for genomic digests. DNA was transferred from agarose gels to nitrocellulose and hybridized as described by (14) . Filters were washed at room temperature four times as described in (14) . DNA labeling and hybridization DNA was radioactively labeled by nick translation as described by (18 In order to map the 5' termini of the LHCP genes an end-labeled probe was constructed by digesting 15 ug of pAB180 and labeling at the BamHI site (158 nucleotides downstream from the translation start site) using T4 polynucleo-tide kinase (BRL) and the procedure of (20) . The labeled DNA was digested with EcoRI, followed by electrophoresis in 1% low gelling temperature agarose (Seakem) to separate the 1.1-kb EcoRI-BamHI fragment. The fragment was cut out of the gel, the agarose melted at 65°C, phenol extracted three times and the ONA ethanol precipitated.
RNA isolation
Total RNA was extracted from 15g of whole plants by grinding with 7.5g glass beads in LNg in a mortar and pestle and allowing the powder to thaw in the presence of 30 ml "Kirby Reagent" (21). The solution was homogenized with 2 10-sec bursts of the Polytron and phenol extracted 3 times. The aqueous fractions were combined and ethanol precipitated. The pellet was resuspended in 5 ml of dh^O; 5 ml of 4M LiCl was added, and the suspension was placed at 4°C overnight to selectively precipitate the RNA. Following centrifugation at 7000 rpm for 20 min in a Beckman SS-34 rotor, the pellet was resuspended in 5 ml 2M LiCl, vortexed and centrifuged again. The pellet was washed in 70% ethanol, air dried and resuspended in 100 yl H-0.
Hybridization and SI nuclease digestion
Total RNA (25 pg) from light-grown Arabidopsis plants was added to 50 ng digested probe and ethanol precipitated. The DNA-RNA pellet was resuspended in 30 yl hybridization buffer according to the procedure of (13). The DNA was denatured at 85°C 10 min then transferred to a 56°C water bath and incubated for 3 hr. Either 100 u/ml or 1000 U/ml SI nuclease (BRL) in a total volume of 0.3 ml ice cold nuclease SI buffer (13) was added to each tube, mixed and incubated at 36°C 0.5 hr. The reaction was terminated, the RNA-DNA hybrid precipitated with isopropanol, resuspended in loading buffer, denatured and submitted to electrophoresis on an 8% acrylamide gel. The duplex from the 5 1 untranslated region was run alongside the Maxam and Gilbert sequencing reactions for the same end-labeled fragment.
RESULTS
Isolation of a genomic clone containing 3 coding sequences for the LHCP Total Arabidopsis DNA was partially digested with EcoRI and cloned into the lambda vector Sep 6 (13). Five genome equivalents of phage were screened with pAB19/H5c, a genomic subclone from Lemna gibba containing the coding region for a LHCP (7). Nine hybridizing phage were selected and their DNA restricted. All contained inserts of the same 11-kb DNA fragment with 6 EcoRI sites. The inserts were in both orientations relative to the lambda vector and thus derived from at least two independent isolates. One phage contained an additional 4-kb EcoRI fragment. Figure 1A shows the restriction endonuclease cleavage site map of the 11-kb DNA fragment (AbAtlOO5) which contains a cluster of three LHCP coding sequences. The restriction maps of the two rightmost sequences (on 1.65-kb and 1.80-kb EcoRI fragments) are identical (AB165 and AB180 respectively); the leftmost sequence (on a 6.0-kb EcoRI fragment) differs both in restriction map and transcription orientation. The gene family for the major LHCP consists of three members
The three coding sequences were subcloned: the 1.65-kb and 1.80-kb EcoRI fragments contained the two sequences with identical restriction maps (pAB165 and pAB180); a 1.4-kb Hindi 11 fragment contained most of the third coding sequence (pAB140). Since other plants in which the major LHCP has been characterized contain large multigene families encoding this protein, it was of interest to determine the number of possible genes in a plant which contains a genome as small as Arabidopsis. Total DNA was digested to completion with EcoRI or HindiII, subjected to gel electrophoresis, blotted to nitrocellulose and probed with nick-translated pAB165 DNA. Figure 2 shows that the three homologous bands in each digest are those predicted by the restriction map of XbAtl005. Therefore, it appears there are only three closely related coding sequences for the LHCP. In addition there seems to be a fourth more distantly related coding sequence, as under the hybridization conditions used, the Hindi 11 digest of Fig. 2B shows a faint band approximately 2.0-kb in length. DNA sequence studies show the three genes are highly homologous
The sequence of the noncoding strand of AB165 was obtained by digesting pAB165 with Bal-31 exonuclease to yield an overlapping set of sequentially deleted fragments from the 3' end which were subcloned into M13tnp8 and sequenced by the dideoxy chain termination method of (19). The sequence of AB140, AB180 and the coding strand of AB165 were obtained by subcloning various restriction fragments into the M13 phage vectors mp8, mp9 or mplO. In Arabidopsis, in addition to the major band from SI digestion, faint bands can be seen between the AB180 transcription start and translation start sites. It seems likely that these bands are caused by the misalignment of AB165 RNA with the AB180 probe, since the only differences in nucleotide composition between these two genes in this region occur on either side of the It should be noted that Karlin-Neumann and Tobin (28) have identified three major blocks of homology between all transit peptides so far sequenced (LHCP, SSU and ferredoxin). The blocks of homology, which are at the beginning, middle and end of the transit peptide, are separated by the longer lengths of unshared sequence which show homology within the individual proteins. They suggest that the three blocks of homology are necessary for the targeting and uptake of these precursors by the chloroplast. The information for the processing of the precursor peptide to the mature form may also be encoded within these homology blocks.
